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Abstract 
Pressure increases attendant with CO2 injection into the subsurface drive many of the risk factors associated with commercial-
scale CCS projects, impacting project costs and liabilities in a number of ways. The area of elevated pressure defines the area that 
must be characterized and monitored; pressure drives fluid flow out of the storage reservoir along higher-permeability pathways 
that might exist through the caprock into overlying aquifers or hydrocarbon reservoirs; and pressure drives geomechanical 
changes that could potentially impact subsurface infrastructure or the integrity of the storage system itself. Pressure also limits 
injectivity, which can increase capital costs associated with installing additional wells to meet a given target injection rate. The 
ability to mitigate pressure increases in storage reservoirs could have significant value to a CCS project, but these benefits are 
offset by the costs of the pressure mitigation technique itself. Of particular interest for CO2 storage operators is the lifetime cost 
of implementing brine extraction at a CCS project site, and the relative value of benefits derived from the extraction process. This 
is expected to vary from site to site and from one implementation scenario to the next. Indeed, quantifying benefits against costs 
could allow operators to optimize their return on project investment by calculating the most effective scenario for pressure 
mitigation. This work builds on research recently submitted for publication by the authors examining the costs and benefits of 
brine extraction across operational scenarios to evaluate the effects of fluid extraction on injection rate to assess the cost 
effectiveness of several options for reducing the number of injection wells required. Modeling suggests that extracting at 90% of 
the volumetric equivalent of injection rate resulted in a 1.8% improvement in rate over a non-extraction base case; a four-fold 
increase in extraction rate results in a 7.6% increase in injection rate over the no-extraction base case. However, the practical 
impacts on capital costs suggest that this strategy is fiscally ineffective when evaluated solely on this metric, with extraction 
reducing injection well needs by only one per 56 (1x case) or one per 13 (4x case).  
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1. Introduction 
The pressure increase concomitant with large-scale fluid injection into the subsurface is well documented [1-4]. 
This pressure build-up represents a key risk factor for commercial-scale CCS projects, and an important target for 
project management and mitigation. Potential consequences of elevated pressure include an increased risk of fluid 
migration beyond the target storage zone, either upward via buoyant flow along preferential pathways or updip into 
fresher zones, and increased risk of geomechanical failure of the reservoir or caprock [3-7]. These events could 
result in costly and far-ranging project outcomes, including degradation of groundwater or subsurface mineral 
resources (with CO2, dissolved solids or mobilized metals), loss of CO2 storage credits, release of CO2 to the 
atmosphere, violation of permit terms, and a plethora of financial and schedule risks to the project associated with 
outcomes such as these. 
 
Work currently submitted for publication by Davidson et al. [8] modeled the economic impacts of coupling 
geologic CO2 storage with brine extraction for the purposes of reducing area of review and plume extent, and 
increasing the fraction of CO2 stored via more secure trapping mechanisms. The authors found that while extraction 
resulted in significant decreases in the area of increased pressure at the caprock across the scenarios evaluated, the 
impacts on plume extent were marginal at best. However, the fraction of CO2 stored in dissolved and residually 
trapped phases was improved under brine extraction cases, suggesting greater storage security as a result of an 
increased rate of mixing associated with fluid extraction. With the exception of impact on plume area, the previous 
study suggests that fluid extraction can serve to meaningfully reduce risks associated with buoyant CO2 flow beyond 
the storage reservoir by limiting driving pressure at the caprock and increasing storage via more secure mechanisms. 
[8] 
 
However, the authors also examined the economic costs of brine extraction at rates approximating volumetric 
parity with injection, as well as a case that extracted approximately twice as much brine as CO2 injected on a 
volumetric basis. With costs for brine extraction and treatment ranging from $2 to $31 per ton of CO2 stored [8], the 
economics of applying a strategy like this become ambiguous. Maximizing the value derived from brine production 
by monetizing all potential value streams becomes important in trying to quantify whether brine extraction works as 
a mitigation strategy. Davidson et al. examined the impact of brine extraction on the reservoir itself, but neglected to 
quantify the effect on capital requirements, particularly injection well costs, which represent one of the largest cost 
elements of a commercial-scale CO2 storage project. The work presented here was undertaken to add a component 
to the analysis that addresses the impact of the pressure drop commensurate with brine extraction on injection rate, 
and by extension, its impacts on well requirements and costs.  
2. Methodology 
Injection wells represent a large capital cost in CCS projects. The number of wells required to meet the storage 
rate needs of a given project is primarily a function of injectivity—the amount of CO2 that can be injected into the 
storage formation via a single well while maintaining a given maximum in situ pressure. The purpose of this work is 
to evaluate the change in injectivity and well requirements affected by the pressure decrease associated with brine 
extraction. While this analysis builds on previous work by Davidson et al. [8], the authors in that study assumed a 
constant CO2 injection and brine extraction rate to analyze the effects on reservoir conditions, including reservoir 
pressure in particular. Examining the impacts of water extraction on CO2 injectivity required a modified approach 
that allowed for maximization of CO2 injection rate subject to constant extraction rate and in situ pressure 
constraints.  
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To control for the effects of injection-extraction well spacing, a single 
configuration for extraction well placement relative to the injection well was 
used to enable injection and extraction to occur in all cases for at least 5 
years before breakthrough of CO2 to the extraction well. This allowed the 
effect of extraction rate on pressure in the injection well to be maximized, 
resulting in maximum influence on the injection rate. Reservoir simulation 
was accomplished using STOMP in a 3D homogeneous domain based on 
parameters in the upper part† of the Weaber-Horn #1 well in the Mt Simon 
Sandstone. As in Davidson et al. [8], a quarter-symmetry approach was 
applied to optimize run times. Figure 1 illustrates this approach, showing the 
full domain, including all four extraction wells, with the green shaded box 
highlighting the quarter of the domain simulated and used as a proxy for 
behavior in the other three quadrants. Simulations were run until CO2 
breakthrough occurred at the well, beginning in year 6 for the 4x extraction 
rate case. Using this configuration, extraction rates of 1, 2 and 4 times the 
base extraction rate of 90% of the 1 MMT CO2/y injection rate—
corresponding to volumetric brine extraction rates equivalent to volumes of 
0.9, 1.8 and 3.6 MMT CO2 annually—were modeled to assess the effect on 
maximum injection rate subject to a maximum in situ pressure of 5410 psi 
(85% of the fracture gradient at the bottom of the injection well).  
3. Results 
Impact on CO2 injection rate is shown in Figure 2 for each of the three volumetric rates relative to the no-extraction 
base case. Modeling shows no differentiable impact on injection rate during the initial few months of 
injection/extraction. However, in the first year, rates begin to diverge. This differentiation reaches a relatively 
consistent level within the first few years, and relationships between the rates are similar through 5 years and 
beyond.  
Extraction at near volumetric parity was associated with a maximum 1.8% increase in injection rate over the no-
extraction case, while a four-fold (4x case) increase in extraction rate was associated with a maximum 7.6% increase 
in injection rate over the non-extraction case in any modeled period. In practical terms, this translates to the ability 
to forgo 1 injection well per 13 required in the absence of extraction for the 4x case, and 1 injection well per 56 
required in the absence of extraction for the 1x case. From a cost perspective, the additional cost associated with a 
single avoided well in this case is roughly $2M, per Davidson et al. [8]. However, using a five-spot pattern such as 
the one discussed here to generate the maximum impact on injection rate requires four extraction wells per injector. 
Additionally, the authors of that study note that per-ton brine extraction costs increase from $1.40 for the parity case 
to $2.00 with a doubling of extraction rate, neglecting costs for treatment and disposal of extracted brine. Including 
those costs could raise per-ton extraction costs to more than $30/tCO2 in the 2x extraction case. Given that injection 
well capital costs in this case are less than $1/tCO2, for the single well required when those costs are levelized over 
all tons of CO2 injected over the 50 year lifetime of the project, it becomes clear that even at the very lowest cost of 
$1.40/tCO2 (assuming no costs for treatment or disposal of produced brine), the cost of doing extraction to bring 
down injection well costs is not enough to make the economic case on its own. 
 
 
 
†  The upper portion of the Mt Simon at this location is a more typical shallow marine depositional environment, while the lower part appears to 
reflect a more complex braided stream / alluvial fan depositional system. Work presented in Davidson et al. [8] was modeled in a heterogeneous 
domain realized for the upper portion of the reservoir, and it is upon this portion that the homogeneous domain used in the present study is based. 
Figure 1. Conceptual illustration of the 
quarter-symmetry approach. Full domain 
behavior is modeled using simulations 
completed for the green shaded quadrant of 
the domain. From Davidson et al. [8]. 
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While injection well capital and operation and maintenance costs are not trivial, more injection wells would 
require more extraction wells to achieve the same effect, and as demonstrated in this case, cost savings from 
improved injectivity would not accrue to a project that needed fewer than 13 wells in the 4x extraction case, or 
fewer than 56 in the 1x extraction case. Even if injection well clustering allowed extraction well requirements to 
scale non-linearly, the costs associated with implementing an extraction configuration such as this to reduce 
injection well requirements strongly suggest that this is not a cost-effective option in this scenario.  
It is also noteworthy that the cases modeled in this scenario – particularly the spacings used between the 
injection and extraction wells – are unrealistically optimistic. That is, the wells were placed to avoid breakthrough 
for a period of at least 6 years to maximize the impact of extraction on injection rate. This results in an idealized 
response, suggesting that even relatively small responses such as those described here likely overstate the actual 
degree of responsiveness in operational practice.  
4. Discussion 
As modeled here, the impact of brine extraction on the total number of wells required for a project is likely to be 
quite low. However, it should be noted that this study was conducted using domains realized based upon data from 
the Mt Simon formation in the U.S. Illinois Basin. The Mt Simon is a thick, laterally continuous, regional sandstone 
reservoir that tends to exhibit good permeabilities similar to those modeled here. As such, pressure attenuation is 
possible over a much larger area than would be expected in a more laterally confined, thinner or less permeable 
storage reservoir. It is possible that, while not appealing for large, regional storage formations like the Mt Simon, 
brine extraction could represent a cost-effective opportunity to increase injectivity and/or decrease risk in reservoirs 
where pressure increases are not so readily dispersed. While outside the scope of the present study, implementations 
that do not require symmetry, such as a single extraction well paired with a single injector, or implementations 
where smaller, thinner or more compartmentalized reservoirs result in much greater pressure response in the 
injection well, could see more significant benefits associated with brine extraction.  
Figure 2. Effect of brine extraction on pressure-constrained CO2 injection rate over 5 years for extraction at one (blue), two (red) and four times 
(green) volumetric parity with CO2 injection rate, compared to a no-extraction base case (pink) 
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Also, it is important to note that this small follow-on study reflects the impact of fluid extraction on a single 
project element, well requirements. Previous work, by the authors of this study and others, has found that there are 
quantifiable benefits associated with removal of brine from the storage reservoir. In particular, the use of brine 
extraction to reduce overall pressure increase in the reservoir has been demonstrated, and because many of the core 
risks associated with CCS projects are risk-driven, it is reasonable to expect that there are financial benefits that may 
be derived from implementation of extraction as a pressure mitigation strategy. It may be that no single benefit will 
provide enough value to the project to incentivize a strategy such as this, but taken together with other beneficial 
outcomes, it is possible that the sum of many small benefits will ultimately prove such a strategy cost-effective in 
certain cases. This is an area that requires additional study and integration to understand not only simple mitigation 
decisions but also to facilitate a more holistic, systems approach to minimizing cost and mitigating risk. 
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